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Abstract
This paper describes the development and evaluation of a custom-built impedance analyser, which uses a multiplexing
bridge circuit to characterise an array of polymer-coated quartz crystal microbalance (QCM) sensors. The analyser is
constructed on a single printed circuit board with minimum components and is sufficiently compact for integration
into a hand-held format. The custom-built device is used to observe the changes that occur in QCM sensors when
experimental conditions such as polymer coating film thickness, odorant vapour pressure, and relative molecular mass
are varied. An equivalent electric circuit for a QCM is used to model the conductance and susceptance data captured
by the analyser. The measured response of an array of QCM sensors demonstrates that the custom-built device is a
suitable instrument for detecting different gases and understanding polymer-vapour interactions.
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A multiplexed impedance analyser for
characterising polymer-coated QCM sensor
arrays
I. INTRODUCTION
Shear acoustic wave devices such as quartz crystal microbalance (QCM) sensors have been used in a range of
electronic nose [1], [2] and electronic tongue [3] sensor systems. A QCM sensor consists of a quartz crystal, coated
with an analyte-sensitive polymer. The analyte is absorbed into the surface of the polymer coating, increasing the
mass of the QCM sensor, and hence resulting in a change in resonant frequency [4]. Thus, for a thin rigid film,
the most common method of data acquisition from the QCM sensor is to measure the resonant frequency [5]. For
QCMs with viscoelastic films, it is necessary to treat the device as a hybrid sensor and combine the simultaneous
measurement of resonant frequency shift with the resistance change of the polymer coating [6].
A simple QCM sensor relies solely on the measurement of the self-resonant frequency, typically using an oscillator
circuit for which the QCM is the tuning device [7]. However, it is well known that the impedance spectrum of
a QCM sensor contains a wealth of detailed information that is particularly valuable in sensor applications [8].
Impedance analysis in combination with modern electronics and data extraction software can provide a sensor
system solution. In particular, the measurement of the change in resonant frequency of the quartz crystal and the
damping of its vibration can be extracted from the electrical impedance spectrum.
Currently, impedance analysis can be performed with a bench instrument (for example, an LCR meter) [9].
There have also been several circuits and methods developed for determining the impedance parameters of loaded
quartz crystal resonators [10], [11]. For many applications though, it is not only desirable to extract the impedance
spectrum for a single QCM sensor, but also to make the same measurement on an array of sensors that have been
treated to give diverse functional behaviour [12]. Furthermore, it is beneficial to miniaturise the instrumentation to
the point where it may conveniently be built into a hand-held format.
In this paper, we present the development and evaluation of a prototype custom-built impedance analyser for
characterising arrays of polymer-coated QCM sensors. A multiplexing bridge circuit is used to allow the analyser
to measure the complex impedance of each sensor in the array. The complete system consists of a small number
of discrete components, which can easily be adapted into a portable hand-held format. The performance of the
analyser is evaluated by observing the interactions between different polymer-coated QCM sensors and vapours.
These measurements are then compared and contrasted with the underlying physics and chemistry of the QCM
sensors.
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II. SYSTEM DESIGN
A. Custom-built impedance analyser
The impedance analyser is a bridge circuit designed specifically to measure the impedance of a QCM (Fig. 1(a)).
The circuit is based around a standard four-terminal or Kelvin bridge configuration, which is used to reduce the
effect of stray or parasitic impedances. Overall, the system comprises of an a.c. current source and voltage measuring
circuit for the QCM, signal buffering, in-phase quadrature (IQ) demodulators for the current and voltage signals, a
data converter, and an interface to a personal computer (PC). All of the electronic components are carefully selected
so that they have sufficient slew-rate and bandwidth to minimise distortion.
The circuit uses a sweepable 5 MHz direct digital frequency synthesizer (DDFS) that drives a current into the
QCM via a source resistor RS . The QCM is placed in feedback around an amplifier, the output of which follows the
voltage drop across the crystal. The voltage signal is buffered while the current is detected by a differential buffer
amplifier connected across RS . The voltage and current signals are demodulated for in-phase and quadrature terms.
These terms are then low-pass filtered, converted to 10-bit digital values, and input to the PC interface. Additional
circuitry includes an array of video multiplexers (Fig. 1(b)), which enables switching between different QCMs
and the bridge. The multiplexers are inserted into the bridge circuit so that their on-resistance is not incorporated
unintentionally into the impedance readings of the sensors.
With the exception of the DDFS (which could be implemented on a single chip), the impedance analyser is built
on a single printed circuit board (PCB). Therefore, the system offers the additional feature that it can potentially
be integrated into a portable hand-held device. For the purpose of experiments, a signal generator under the control
of a PC is used to drive the circuit. The PC uses a general purpose interface bus (GPIB) interface and customised
control software written in C to capture data from the impedance analyser circuit. The software also controls the
video multiplexers and performs standard impedance transformations to yield signal spectra.
The impedance analyser is a conventional homodyne device and produces four signals describing the real and
imaginary parts of the QCM current and voltage. This data is algebraically manipulated to give the potential drop
(|V |∠θ) across the crystal and the current (|I|∠φ) through the crystal. The impedance and its associated phase
(|Z|∠ϕ) are calculated using:
|Z|∠ϕ = |V ||I| ∠(θ − φ) (1)
The magnitude of the impedance is calculated using the design values of the circuit components and the phase
of the impedance is calculated as an absolute value. The instrument gives a magnitude resolution of less than 0.5%
and a phase resolution of 25 mrad. The dynamic range in each case is limited by an 8-bit ADC, which yields a
zero to full-scale range of 5 kΩ for the magnitude of the impedance and 2pi rad for the phase of the impedance.
The resolution of the frequency measurement is better than 1 Hz.
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B. Quartz crystal microbalance sensors
The QCMs (5 MHz fundamental, HC49-4H series AT-cut crystals, Euroquartz Ltd, United Kingdom) are supplied
in a hermetically sealed can, which is removed by filing down to reveal the bare rectangular QCM (width 2 mm
by length 8 mm, thickness 150 µm, oscillating area 10 mm2). A polymer coating is spin cast on to each QCM
from a solution of the polymer (between 1% and 5% v/v) in toluene, dichloromethane (DCM), or tetrahydrofuran
(THF) (≥ 99.8% purity, Sigma-Aldrich Ltd, United Kingdom). The polymer solution is applied to the QCMs using
a dropping pipette and spun at 7000 rpm for 30 s to form a layer thickness between 200 and 700 nm depending
on the polymer type. The crystals are left to stand at room temperature (23 ◦C) and in normal humidity conditions
(ca. 65%) for 24 h to allow the solvent to evaporate from the polymer. The baking step is omitted to avoid damaging
the electrodes and the connections attached to the crystals.
The polymers used to fabricate the sensors are given in Table I, along with the corresponding solvent used to
dissolve the polymer. The polymers include ketone, ester, and chlorinated systems, and are all used as supplied
(Sigma-Aldrich, United Kingdom). The headspace of the sample alcohols (Sigma-Aldrich, United Kingdom) is
investigated using modified sampling bottles (1 L, 500 mL, and 250 mL). The sensors are held in the screw cap and
an interface to the impedance analyser electronics is achieved via a connection through the cap. The experiments are
carried out at room temperature and in normal humidity conditions. The sensors are restored to baseline conditions
at the start of each set of experiments by exposure to a continuous stream of nitrogen for 30 mins. When exposed
to an analyte, the sensors take approximately 3 mins to reach their equilibrium.
III. EXPERIMENTAL RESULTS
A typical plot of the conductance G and the susceptance B of an uncoated 5 MHz QCM is produced using the
custom-built impedance analyser (Fig. 2(a)) and an HP 4192A LF impedance analyser (Fig. 2(b)) for comparison.
In each case, the data is recorded at 2 Hz intervals between 4.9992 and 5.0002 MHz. The plots reveal a maximum
in conductance of 21.57 mS at 4999526 Hz and 28.05 mS at 4999624 Hz for the custom-built analyser and the
HP analyser respectively. Logarithmic data sampling is used to expand the measurement range over at least four
decades in frequency. This reveals that the susceptance has an underlying element that increases as the measurement
frequency increases (Fig. 2, inset graphs). For the remainder of the experimental work, the data is captured using
the custom-built impedance analyser.
QCMs are coated with polymer films spun from increasingly concentrated solutions of PE-co-VA to illustrate the
effect of increasing the mass of polymer on the QCM (Fig. 3). The resultant frequency shift −∆f is the difference
in resonance between the uncoated and coated QCM. As the mass of the polymer deposited on the QCM increases
(from 1% v/v to 5% v/v PE-co-VA solutions in toluene), the resonant frequency moves to lower frequencies in an
approximately linear fashion. At the same time, the frequency shift increases and the conductance peak broadens
and reduces in size.
The effect of exposing a PE-co-VA coated QCM sensor to methanol vapour is demonstrated by increasing the
concentration from 80 to 320 ppm (Fig. 4). After allowing time for the odour entering and leaving the sensor
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polymeric matrix to equilibrate, the absorption of methanol into the sensor mirrors the deposition of the polymer
on to the QCM. As the partial pressure of the methanol is increased, a larger quantity of the vapour is absorbed
in the polymeric matrix causing the resonant frequency peak to move to lower frequencies. The conductance peak
becomes broader and smaller as a consequence.
A QCM sensor coated with PE-co-VA deposited from 5% v/v polymer solution is used to illustrate the charac-
teristic of the change in resistance ∆R (O) and the frequency shift −∆f (Fig. 5). The ratio −∆R/∆f is fitted
using the exponential curve y = 198.66 exp1.98x. Furthermore, exposing the sensor to the headspace of the first five
primary alcohols demonstrates the broadening and frequency shift of the conductance peaks due to an increase in
mass for each gas (Fig. 5, inset graph).
The effect of exposing the same alcohol vapours to different polymer coatings is illustrated using an array of
seven QCM sensors (Fig. 6). Each sensor is coated with a polymer, deposited from a 1% v/v solution of the
polymer dissolved in the appropriate solvent. The QCM sensor array is then exposed to the headspace of the first
five primary alcohol vapours at a concentration of 80 ppm. For each polymer-coated QCM sensor, the resonant
frequency decreases linearly as the mass of the deposited odour increases.
IV. DISCUSSION
The Butterworth van Dyke (BVD) electrical model [13] of a QCM resonator is used to analyse the admittance
plots in Fig. 2. The model is made up of two branches: the motional branch which consists of a resistor r, an inductor
l, and a capacitor c, all connected in series; and a shunt capacitor c0. The motional branch, as the name suggests,
describes the electromechanical properties of the QCM. Each of these parameters are electrical equivalences of the
physical properties of the crystal, which together can be used to determine the resonating characteristics of a crystal
under certain experimental conditions. In the other branch, the shunt capacitor c0 measures the static capacitances
present in the overall system.
The overall admittance of the model is calculated using the method described by Taylor et al. [14], [15]. The
real (conductance G) and imaginary (susceptance B) part of the admittance can be written with the components
described in the BVD model:
G =
ω2rc2
(ω4c2l2) + (ω2r2c2)− (2ω2cl) + 1 (2)
B =
(ω5c2l2c0)− (ω3c2l) + (ω3r2c2c0)
(ω4c2l2) + (ω2r2c2)− (2ω2cl) + 1
− (2ω
3clc0)− ωc− ωc0
(ω4c2l2) + (ω2r2c2)− (2ω2cl) + 1 (3)
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There are three important frequencies of interest in this application. The first is the resonant frequency of the BVD
model, which is found at the point where the amplitude of G is at its maximum. The other two frequencies, which
determine the bandwidth, are located at the points where the magnitudes of B are at a maximum. Alternatively,
these two frequencies can also be found at the peak-width-half-height of the G spectrum. The fluctuations in these
frequencies are a useful indication of the actual electromechanical changes that take place on the surface of the
QCM.
The component values of the BVD model for the admittances in Fig. 2 are extrapolated using the software
Microcal Origin, supplied by Microcal Software Inc. This program uses a computational non-linear curve fitting
method which solves (2) and (3) to extrapolate the component values (Table II). The goodness of fit is monitored
using the correlation coefficient to produce a final curve fitting of 99% confidence limit. Verification performed
by re-plotting the admittance data using the extrapolated component values shows good correlation in the original
admittance data measured with the custom-built analyser (Fig. 2(a)) and the HP analyser (Fig. 2(b)).
The values calculated for the custom-built analyser are relatively close to those obtained from the calibrated
HP analyser, with the exception of the value for c0. In the admittance plots, this difference is displayed by the
relative inductive nature of the calculated susceptance for the custom-built analyser. The reason is that admittances
measured with this device are calculated using only the component values built into the circuitry. Hence, parasitic
parameters due to interconnects and from the multiplexers of the QCM array are ignored in the calculation of
c0. Overall, however, the custom-built analyser provides a sufficiently efficient solution for characterising a QCM.
In this application, the most critical element is the detection of resultant changes in admittance spectrum at the
resonance region such as the subtle changes in the form of resonance shifts and amplitude reduction. These changes
are easily detectable using the custom-built device as shown in the results of the remaining experiments.
Fig. 3 illustrates the results recorded from QCMs that were deposited with polymer films of different concentration.
There is an approximate linear increase in the resonant frequency as the concentration of the polymer film is
increased. Similar trends are also recorded in Figs. 4 and 5 (inset graph) where the polymer-coated QCM was
exposed to different concentration of head gas and different primary alcohols respectively. Each increase in the
concentration of polymer film, increase in concentration of head gas, or increase in relative molecular mass (RMM)
is reciprocated with a negative shift in resonance peak G, a reduction in the maximum amplitude of G, and the
broadening of the bandwidth.
Shifts in resonance are reflected by changes in l and c because they are closely related to the oscillatory properties
of the crystals. The component r, which describes the frictional losses of the QCM, fluctuates with the different
peak amplitudes of G. The fluctuations of r are explored in detail by exposing the polymer-coated QCMs to
different RMMs of primary alcohols (Fig. 5). The change in r is found to be approximately linear to the frequency
shift for the lower RMM primary alcohols. However, this relationship becomes logarithmic in nature for heavier
RMM alcohols. The point at which the relationship becomes invalid is known as the viscoelastic limit. Thus, r is
a damping factor that reflects the frictional losses due to mass loading. Hence, the viscoelastic limit is the point
when the the surface of the QCM becomes overdamped and oscillation becomes increasingly unsustainable as a
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result.
The quality factor Q is another parameter which is also used to describe the resonant behaviour of a QCM. It
is defined as the ratio between the resonant frequency and the bandwidth. Alternatively, it can be calculated from
the component values of the BVD model [16] using:
Q =
ω0l
r
=
ω0
ω2 − ω1 (4)
where ωo is the point at which the resonant frequency is a maximum in the conductance plot, and ω1 and ω2 are
the frequencies at half the height of the conductance peak either side of the maximum. In general, an increase in
the mass deposited on the surface of the QCM reduces the Q calculated for the QCM. This indicates a degrading
effect to the quality of the QCM as a resonator. This trend is observed in the results that were obtained from the
experiments that produced the data presented in Figs. 3, 4, and 5.
The admittance spectrum in Fig. 3 is obtained from the QCMs coated with different concentrations of PE-co-VA
films. The Q for an uncoated QCM is 1.6x105 whereas the Q for a coated QCM with 5% solution is 3.8x104.
Similarly, by changing the type of exposure, whether it is through increasing the concentration of head gas (Fig. 4)
or increasing the RMM of primary alcohols (Fig. 5), the values of Q reflect an inverse proportionality. From Fig. 4,
Q decreases from 3.8x104 to 1.6x104 when it is exposed to 320 ppm methanol. In Fig. 5, Q decreases to 8320 for
propanol and 3570 for pentanol, both less than the viscoelastic limit of 1x104. Hence, in general, the value of Q
degrades as the load on the surface of the QCM increases.
Lucklum et al. have used the ∆f–∆R technique [17] to investigate the material property changes due to thickness
or mass changes. They have demonstrated this method to show good distinction between a glassy film and a
viscoelastic polymer film [18]. From Fig. 5, the results of detecting methanol, ethanol, and propanol suggest a linear
change in ∆f–∆R, but butanol and pentanol recorded a larger change in ∆R with respect to ∆f . By comparison to
the results in [18], increasing RMM changes from butanol onwards has resulted in severe viscoelastic contribution,
where the rate of ∆R changes faster than ∆f . This implies that the use of the Sauerbrey equation is insufficient
to predict the responses from any further increase of RMM. Despite this limitation, the data clearly shows that the
system has excellent discriminatory abilities for light alcohols.
In order to extend the linear measuring range of the polymer coated QCMs, 1% v/v solutions were used in place
of the 5% v/v solutions to reduce the initial polymer film thickness. The responses of the QCM sensors when
exposed to headspace alcohols with increasing RMM are shown in Fig. 6. All polymer types that were used in the
experiment exhibited a linear shift in ∆f with respect to alcohol vapours ranging between an RMM of 0 to 90.
The sensitivity values as shown in Table III were calculated from the slopes of each of the responses in Fig. 6. The
magnitude of the changes in the values are dependent on the hydrophilicity of the sensor polymer coating.
The PVP polymer film is the most hydrophilic of the polymers used here, and as such shows the greatest change in
QCM resonant frequency upon increasing the mass of the alcoholic vapour. The other polymers are less hydrophilic
A MULTIPLEXED IMPEDANCE ANALYSER FOR CHARACTERISING POLYMER-COATED QCM SENSOR ARRAYS 7
and hence display a smaller decrease in frequency as the vapour mass increases. In the case of PVP, H-bond
formation is facilitated by stabilisation of the N–C bond, in the –N–C=O moiety of the pyrollidone, via electron
donation from the nitrogen atom. This may occur in polymers such as PMMA and PE-co-VA to a lesser extent,
but the presence of long hydrocarbon chains (e.g. in PE-co-MA and PE-co-VA) or a lack of an oxygen atom in the
polymeric structure (e.g. in PS) make them increasingly hydrophobic. Indeed, the sensitivity of the PE-copolymers
may depend on the amount of PE in the structure as PE-co-MA contains 71% PE and produces a less sensitive
alcohol sensor than PE-co-VA with 66% PE.
Permeativity data for PS, PVC, and PMMA, reproduced in Table III [19], gives an idea of the density of these
polymer films. The high permeativity of PS suggests that the alcohol vapours should penetrate the film and interact
easily with the polymer. However, the low affinity of PS for alcohols means that the sensor sensitivity is low. PVC
has a much lower permeativity, meaning that interactions between itself and the odorant would mainly be limited
to the sensor surface, but again the inability to form H-bonds to the alcohol means that the sensor sensitivity is
low. PMMA has a higher affinity for the vapours, and therefore a higher sensitivity than the other two polymers,
even though it has a lower permeativity than PS. The sensitivity of the sensor is therefore mainly dependent on the
ability of the polymer to form H-bonds with the alcohol odorant, rather than on steric constraints.
V. CONCLUSION
We have presented a prototype impedance analyser that uses a multiplexing bridge circuit for extracting the
impedance spectrum from an array of polymer-coated QCM sensors. The analyser can characterise a QCM sensor by
measuring the conductance and susceptance in the presence of headspace primary alcohol vapours. The impedance
analyser is a versatile instrument, which is constructed on a single PCB and is sufficiently small enough to be
integrated into a hand-held unit. The system has been tested using an array of QCMs that were functionalised to
yield different characteristic responses. Consequently, by choosing different polymers, it is possible to distinguish
between various compounds and changes in concentrations. Hence, we envisage that the analyser could be combined
with a QCM sensor array to realise a cheap hand-held electronic nose device for the detection of different gases.
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Fig. 1. Block diagram of the custom-built impedance analyser.
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(a) Custom-built impedance analyser.
(b) HP 4192A LF impedance analyser.
Fig. 2. Graph of conductance (∆) and susceptance (O) versus frequency for an uncoated QCM. The solid lines are the mathematical fitting
of the experimental data using (2) and (3). The inset graphs illustrate the relationship between background susceptance and frequency.
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Fig. 3. Graph of conductance and susceptance versus frequency shift (solid lines) for QCMs loaded with PE-co-VA, spin cast from (a) 1%,
(b) 2%, (c) 3%, and (d) 5% v/v polymer solutions. The dashed line is a plot of PE-co-VA solution concentration versus frequency shift (O).
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Fig. 4. Graph of conductance versus frequency shift for a QCM coated with PE-co-VA deposited from 5% v/v polymer solution (a) and
exposed to methanol headspace vapours with concentrations of (b) 80, (c) 160, and (d) 320 ppm.
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Fig. 5. Graph of resistance change ∆R (O) and −∆R/∆f () versus frequency shift −∆f for a QCM sensor coated with PE-co-VA exposed
to the first five primary alcohols. The inset graph is a plot of conductance versus frequency shift for the PE-co-VA sensor (a) and exposed to
(b) methanol, (c) ethanol, (d) propanol, (e) butanol, and (f) pentanol.
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Fig. 6. Graph of resonant frequency versus relative molecular mass RMM for an array of QCM sensors.
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TABLE I
POLYMER ABBREVIATIONS AND SOLVENTS
Polymer Abbreviation Solvent
Poly(styrene) PS Toluene
Poly(ethylene-co-methyl acrylate) PE-co-MA Toluene
(29% methyl acrylate)
Poly(vinyl chloride) PVC THF
Poly(vinyl phenyl ketone) PVPK Toluene
Poly(ethylene-co-vinyl acetate) PE-co-VA Toluene
(33% vinyl acetate)
Poly(methyl methacrylate) PMMA Toluene
Poly(vinyl pyrrolidone) PVP DCM
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TABLE II
CALCULATED EQUIVALENT CIRCUIT COMPONENT VALUES
Parameter Impedance analyser
HP 4192A Custom-built
r (Ω) 42.427064340 48.059397340
c (F) 6.788255425x10−15 4.583433833x10−15
c0 (F) 1.109557210x10−9 1.259130010x10−10
l (H) 0.192497843 0.221113073
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TABLE III
SENSITIVITY AND PERMEATIVITY OF POLYMER-COATED QCM SENSORS
Polymer Sensitivity Permeativity [19]
/ Hz amu−1 / cm3 (@STP) cm cm−2 s−1 Pa−1
PS −1.22 1350x10−13
PE-co-MA −1.89
PVC −1.97 206x10−13
PVPK −1.99
PE-co-VA −2.30
PMMA −5.05 480x10−13
PVP −13.57
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